The discovery of high oxidation state alkylidene complexes of tantalum (ref. 2) in the mid 1970's seemed to promise that well-defined stable olefiin metathesis catalysts were on the way, but nearly a decade of research was required before long-lived and stable catalysts with known structure and reactivity were prepared.
Currently the most useful of these are four-coordinate neopentylidene or neophylidene (CHR' = CHCMe3 or CHCMe2Ph) complexes of molybdenum that contain two bulky alkoxides and a bulky diisopropylphenylimido (NAr) ligand, i.e., Mo(CHR')(NAr)(OR)2 (ref. 3) . Four-coordination allows a relatively small substrate to attack the metal to give a five-coordinate intermediate metallacyclobutane complex, while bulky alkoxide and imido ligands prevent decomposition reactions that destroy the alkylidene ligand or intermolecular reactions that would result in ligand scrambling to give inactive complexes. Synthetic routes have steadily improved to the point where a wide variety of Mo complexes now can be prepared readily, as shown in equation 2 (R' = t-Bu or CMe2Ph; OTf = OS02CF3; dme = 1,2-dimethoxyethane) (ref. 4, 5), including those that contain imido ligands other than 2,6-diisopropylphenylimido (ref. 6 ). Addition of two bulky alkoxide ligands yields four-coordinate Mo(CHR')(NAr)(OR)2 species. Ro\\'' M =c, (2) CHR -2LiOTf
The metathesis activity of Mo(CHR')(NAr)(OR)2 complexes varies widely. For example, Mo(CH-tBu)(NAr)[OCMe(CF3)2]2 will initiate the metathesis of 500 equivalents of cis-Zpentene in less than one minute in toluene, while Mo(CH-t-Bu)(NAr)(O-t-Bu)2 will initiate the metathesis of only a few equivalents of cis-Zpentene per hour (ref. 7) . It is difficult to estimate very fast or very slow rates since the reactivity of the initial neopentylidene (or neophylidene) complex is much lower than that of a smaller alkylidene, and smaller alkylidene complexes are prone to intermolecular decomposition. The most reactive'and therefore also the least stable of these is a methylene complex. Methylene complexes normally are observable only when stabilized by coordination of a base to give a five-or a six-coordinate species (ref. 4). Therefore the effect of a basic solvent can be profound, especially when the metal is relatively electrophilic (i.e., when the alkoxide is relatively electron-withdrawing, e.g., OCMe(CF3)2).
At present four-coordinate (base-free) catalysts are believed to be by far the most active. However, the details concerning how a metallacyclobutane intermediate is formed and decomposes are surprisingly complex. As shown in equation 3 an olefin can attack one of two "CNO" faces of the pseudo-tetrahedral is that classical catalysts either are not "living," i.e., alkylidene intermediates decompose on the time scale of the polymerization reaction, or so little of a less active, but stable species is actually present that polymerization is intolerably slow. On the other hand, well-defined catalysts can be chosen so that the double bonds in monomers such as norbornenes are the only ones that react with the catalyst, intermediates are stable on the time scale of the polymerization reaction, and the reaction can be terminated in a welldefined Wittig-like reaction involving an aldehyde (usually a benzaldehyde). Therefore polymer chain length can be controlled within a narrow range and block copolymers can be prepared. The well-resolved and sharp proton NMR spectra of the all cis, tactic polymers suggested that it may be possible to determine the tacticity directly by proton NMR of polymers prepared from enantiomerically pure monomers, if the inequivalent olefinic protons can be resolved to an extent sufficient to determine whether they are coupled or not (ref. 26) . In a cis,isotactic polymer the inequivalent olefinic protons would be coupled, while in a cis,syndiotactic polymer the inequivalent olefinic protons would not be coupled (see below). The homonuclear correlation spectrum of tactic cis-poly(2,3-dicarbomenthoxynorbornadiene) shown in Fig. 1 proves that the olefinic protons are coupled and that this polymer therefore is isotactic.
Similar arguments pertain to all trans,tactic polymer prepared with the Mo(CHCMe2Ph)(NAr)(O+Bu)2 catalyst (ref. 24); in that case the olefinic protons are not coupled and the all trans polymer therefore is syndiotactic. It remains to be determined whether all cis,tactic poly(DCMNBD) (DCMNBD = 2,3-dicarbomethoxynorbomadiene) is isotactic. However, since we have seen no evidence that the principles that determine the cis/@ans ratio and tacticity are greatly influenced by the chirality or lack thereof in the alkyl group of the ester, we believe that it is also most likely isotactic. It is not as secure to extend the results found here to cis-poly(NBDF6). However, since the nature of the substituent in a given type of monomer does not seem to result in a dramatic change in the structure of the resulting pol mer, and since analogous poly(NBDF6) and poly@CMNBD) samples are very similar to one another by 73C NMR, we believe that the tactic cis-poly(NBDF6) prepared with the BINO catalyst is also most likely isotactic.
An important question is whether any other monomers can be polymerized by the BINO catalyst to give all cis,isotactic polymers. In fact, three enantiomerically p u e 5,6-disubstituted norbornenes (dicarbomethoxy, dimethoxymethyl, and dimethyl) are polymerized smoothly to all cis polymers that by proton NMR have also been proven to be isotactic (ref. 26) . However, the all trans polymers that are formed employing
MO(CHCM~~P~)(N-~,~-~-P~~CF~H~)(O-~-BU)
~ as a catalyst are atactic (ref. 26, 27) . It should be noted that isotacticity is consistent with addition of monomer to the same CNO face of one enantiomer of the catalyst, but it remains to be determined whether polymer is formed via syn or anti rotamer intermediates.
There is abundant evidence in the literature that alkynes are polymerized to give polyenes by "classical" olefin metathesis catalysts (ref. 28, 29) . One version of this type of reaction is the cyclopolymerization of 1,6-heptadiyne derivatives (ref. 30, 31, 32, 33, 34, 35, 36) . Polymerization of 1-alkynes or 1,6-heptadiyne derivatives by well-defined alkylidene catalysts that are also successful in living ROMP reactions has been a long-standing goal in my laboratory, since it would then become possible to design and prepare relatively complex block copolymers and phase-separated materials and to correlate non-linear optical properties of the polyenes with chain length, conformation, and substitution. In this circumstance an additional complication is that a terminal alkyne may add to a metal-alkylidene bond to give either the "a addition" or secondary vinyl alkylidene product (equation 9; P = polymer chain; ) or the ''P addition" or primary vinyl alkylidene product (equation 10). One would not expect primary and secondary vinyl alkylidene complexes to have the same reactivity. Perhaps this and other potential complexities pointed out earlier (e.g., rotamers) help explain why attempts to polymerize terminal acetylenes with well-defined alkylidene complexes to give low polydispersity polyenes has not been successful until recently.
We have found that diethyldipropargylmalonate can be polymerized with Mo(CHCMe2Ph)(N-2,6-i- 46) . The nature of the metal will be important in this type of reaction, since in general reactivity of an alkylidene toward the carbonyl functionality is higher for tungsten than for molybdenum; the reactivity of the carbonyl functionality would be expected to follow its usual trend (aldehyde>ketonexster). (15) -HZC=CHCMezPh -Mo=O
Mo=CHCMezPh
In as yet unpublished work, it has been shown that terminal olefins can be coupled efficiently to largely trans and not readily reduced by ethylene, as is true in toluene (ref. 47) . One might think that classical metathesis catalysts would serve this purpose, but functionality tolerance and longevity (leading to high turnover number) are the key arguments for the use of well-defined catalysts. Cross metathesis is possible if one olefin (the least expensive and/or most volatile) is employed in excess. Functionality tolerance has not been explored in any detail yet, but evidence so far suggests that directly functionalized olefins or (in one case) an olefin having a functionality in the allylic position cannot be coupled. Such findings would be analogous to those described in ADMET reactions (see above), where at least two methylene units must separate the functionality from the olefin.
